Store-operated Ca 2+ entry (SOCE) is a critical Ca 2+ signaling pathway in many cell types. After sensing Ca 2+ store depletion in the endoplasmic reticulum (ER) lumen, STIM1 (STromal Interaction Molecule 1) oligomerizes and then interacts with and activates the Orai1 calcium channel. Our previous research has demonstrated that the inhibitory helix (IH) adjacent to the first coiled-coil region (CC1) of STIM1 may keep the whole C-terminus of STIM1 in an inactive state. However, the specific conformational change of CC1-IH that drives the transition of STIM1 from the resting state to the active state remains elusive. Herein, we report the structural analysis of CC1-IH, which revealed that the entire CC1-IH molecule forms a very long helix. Structural and biochemical analyses indicated that IH, and not the CC1 region, contributes to the oligomerization of STIM1. Small-angle X-ray scattering (SAXS) analysis suggested that the C-terminus of STIM1 including the IH region displays a collapsed conformation, whereas the construct without the IH region has an extended conformation. These two conformations may correspond to the conformational states of the C-terminus of STIM1 before and after activation. Taken together, our results provide direct biochemical evidence that the IH region controls the conformational switching of the C-terminus of STIM1.
Introduction
Calcium (Ca 2+ ) signaling plays a critical role in the regulation of various physiological processes [1] . Ca 2+ signals can be generated by different pathways, and among these pathways, store-operated calcium entry (SOCE), which is triggered by calcium depletion in the endoplasmic reticulum (ER), is a principal cellular signaling pathway that maintains cellular Ca 2+ homeostasis [2, 3] . Two protein families are involved in this signaling pathway: the ER-localized stromal interaction molecule (STIM) calcium sensors [4, 5] and the calcium-release activated calcium (CRAC) channels (consisting of Orai family proteins), which are located in the plasma membrane [6, 7, 8] .
In resting cells, the cytosolic Ca
2+
concentration is maintained at a relatively stable level due to the Ca 2+ ATPase pumps SERCA in the ER membrane and PMCA in the plasma membrane [1, 2, 9] . A series of cellular events are triggered following extracellular ligand binding to phospholipase C (PLC)-coupled receptors on the plasma membrane [10, 11, 12] . These events finally result in Ca 2+ release from the ER lumen. Upon sensing the depletion of Ca 2+ stores in the ER, STIM1 becomes activated and oligomerizes. Next, the STIM1 oligomers rapidly migrate to ER-plasma membrane junctions, where they activate CRAC channels by directly binding to Orai1. Constitutive Ca 2+ entry is achieved through the opening of CRAC channels, which further elicits intracellular Ca 2+ signals and replenishes the depleted Ca 2+ stores in the ER lumen [1, 2, 3] .
Full-length STIM1 consists of 685 amino acids and is a single-pass transmembrane protein that spans the ER membrane, with its N-terminal region (STIM1-N, approximately 22 kDa) located in the ER lumen [2] . STIM1-N is comprised of two EF-hand domains and a sterile α-motif (SAM) [13] . Structural and biochemical studies of STIM1-N have revealed that this region can perform the monomer-to-oligomer transition by itself upon Ca 2+ release from its first EF-hand, and this conformational change initiates the activation of the entire STIM1 molecule and results in Ca 2+ entry into the ER lumen [13, 14] . The cytoplasmic C-terminus of STIM1 (STIM1-Ccyto, approximately 51 kDa) contains two extensive coiled-coil regions, a Pro/Ser-rich domain and a Lys-rich domain [2, 15] . Our recent study of STIM1-Ccyto revealed that it is maintained in an inactive dimeric form in resting cells [16] . The second coiled-coil domain of STIM1-Ccyto (a segment approximately 100 amino acids in length that has been termed the STIM-Orai activating region [SOAR] ) mediates the interactions between STIM1 and Orai channels [16, 17] . The formation of SOAR dimers can constitutively activate CRAC channels by directly binding to Orai1. However, the SOAR domain must be released from intramolecular inhibition during STIM1 activation [18, 19] . Our recent study demonstrated that the inhibitory helix (amino acids 310-337, referred to as IH), which is close to the SOAR dimer, tightly binds to SOAR to prevent its exposure, thus keeping STIM1-Ccyto in an inactive resting state [16] . Upon activation, IH releases the SOAR dimer and then it forms an elongated coiled-coil region, thus allowing SOAR to activate the CRAC channel.
However, a detailed understanding of the STIM1 activation mechanism has not be achieved, largely due to the lack of structural information on human STIM1-Ccyto. The potential contributions of the CC1 region (residues 237-309) and/or IH of STIM1 to the activation of STIM1-Ccyto remain unknown. To better understand the conformational change of CC1 in the presence of the IH region, we determined the crystal structure of a STIM1 construct (amino acids 237-340, hereafter referred to as CC1-IH) and demonstrated the existence of both the inactive and active states of the STIM1 C-terminus in solution.
Results

The overall structure of CC1-IH
To obtain a three-dimensional structure for CC1-IH, a series of CC1-IH mutants were utilized in crystallization trials. One CC1-IH mutant (residues 237-340 with two mutations [M244L and L321M], referred to as CC1-IH-mut) yielded high-quality crystals that diffracted to a high resolution ( Figure 1A ). The structure of CC1-IH-mut was determined using the singlewavelength anomalous dispersion (SAD) method. There are four CC1-IH-mut molecules in one asymmetric unit ( Figure 1B) , and each molecule consists of an elongated α-helix stretching from its N-terminal end (referred as the head) to its C-terminal end (referred as the tail). The asymmetric unit content resembles four long sticks gathered together ( Figure 1B) . Furthermore, two of the four CC1-IH-mut molecules have the same spatial orientation, whereas the other two are oriented in the opposite direction. As a result, all the tails of the CC1-IHmut structure are clustered together, whereas the four heads are spread out. The alignment of CC1-IH sequences from various species shows that the amino acid composition of this segment is highly similar across vertebrate species ( Figure  1C ), which may help maintain its conserved three-dimensional structure and also indicates that its biological function is evolutionarily conserved. Figure 2A , blue curve). Structural analysis showed that the oligomerization of CC1-IH may be mediated by the inhibitory helix region of STIM1. The two monomers paired to form the CC1-IH dimer in an antiparallel manner, with a buried surface area of 1,114.5 Å 2 as calculated by AREAIMOL [20] in the structure of CC1-IH-mut ( Figure 2C ). Further structural analysis revealed that hydrophobic interactions and some intermolecular forces, such as hydrogen bonds and electrostatic attractions, are present within the interface of the dimer. These interactions mainly take place between the IH of one CC1-IH fragment and a region preceding IH in the other CC1-IH fragment ( Figure 2C) . Specifically, the side chains of Leu335, Leu328, Val324 and Ala317 on one monomer ( Figure 2D , cyan) tend to exhibit hydrophobic interactions with residues Leu286, Ile290, Ala293 and Leu300 on the other monomer ( Figure 2E, green) . Moreover, several hydrogen bonds are present within the two monomers.
Oligomeric state of CC1-IH in solution
The main-chain oxygen atom of Leu303 and the NH1 atom of Arg304 on the green monomer form hydrogen bonds with the NE2 atom and the main-chain oxygen atom of Gln314 on the cyan monomer, respectively. Similarly, the OG1 atom of Thr307 on the green helix forms hydrogen bonds with both the OE1 atom of Glu310 and the NE2 atom of Gln314 on the cyan monomer. Additionally, the NH2 atom of Arg304 on the green helix is stabilized by the OE1 atom of Glu318 on the cyan monomer via an ionic bond. The contacts within the dimer interface are not fully detailed here because all the interactions described above are reciprocal.
To confirm that IH mediates the oligomerization of CC1-IH, we purified a CC1-only protein. As we expected, CC1 (theoretical mass of 9.0 kDa) exists as a monomer (12.2 kDa) in solution ( Figure 2A , orange curve). We then purified an IHonly fragment (theoretical mass of 3.7 kDa), and size-exclusion chromatography showed that IH-only exists as a dimer (approximately 6.6 kDa, Figure S1A ). Moreover, we constructed and purified an MBP-IH fusion protein (theoretical mass of 49 kDa). This fusion protein exists as a dimer according to size-exclusion chromatography (approximately 105 kDa, Figure S1B ) and analytical ultracentrifugation (approximately 94 kDa, Figure 2B ). We also showed that MBP is a monomer (approximately 44 kDa) in solution ( Figure S2 ). Taken together, these results suggest that the IH domain can dimerize, whereas the CC1 region is less likely to selfoligomerize.
Active and inactive conformational states of STIM1-Ccyto in solution
To further investigate whether the oligomeric state of CC1-IH is related to the conformational change of STIM1-Ccyto from a resting state to an activated state in solution, we selected two STIM1-Ccyto constructs for small-angle X-ray scattering (SAXS) analysis. The two protein samples simulated the resting and activated conformational states of STIM1-Ccyto (especially its coiled-coil regions) in solution. The construct (see Figure 3A ) containing residues 254-504 of STIM1-Ccyto (full CC1, IH and SOAR regions included), which we refer to as Structure of CC1-IH Region of STIM1 PLOS ONE | www.plosone.org STIM1-CIS, simulated the resting conformational state of STIM1-Ccyto, whereas the other construct (see Figure 3A) containing residues 254-310 of STIM1-CC1 (IH excluded) and residues 341-504 (SOAR included), which we refer to as STIM1-CIS-DelIH, mimicked the activated conformational state of STIM1-Ccyto. It has been reported that IH is able to maintain the C-terminus of STIM1 in an inactive state in vivo based on confocal microscopy and calcium imaging [21] . To confirm different conformational states of STIM1-CIS and STIM1-CISDelIH, we performed intracellular Ca 2+ measurements. It has been reported that STIM1-CIS and STIM1-CIS-DelIH constructs are activated inside cells unless STIM1-N is included [19, 21] . Therefore, two additional constructs: STIM1-N-CIS (residues 1-504, Figure 3A ) and STIM1-N-CIS-DelIH (residues 1-310 with residues 341-504, Figure 3A) were generated. Orai1 alone, Orai1 plus STIM1-N-CIS-DelIH, Orai1 plus STIM1-N-CIS and Orai1 plus STIM1-FL were transfected into HeLa cells. As shown in Figure 3B and C, the intracellular Ca 2+ concentrations in the resting state were similar for all constructs when the extracellular Ca 2+ concentration was 0. The increase in the extracellular Ca 2+ concentration to 2 mM led to much higher spontaneous Ca STIM1-CIS and STIM1-CIS-DelIH existed as dimers in solution based on the multi-angle laser scattering experiments ( Figure 4A and B). The radius of gyration (R g ) values calculated from the SAXS data using the Guinier and p(r) methods were 49.5 Å and 50.6 Å for STIM1-CIS ( Figure 4C and Figure S3A ) and 46.4 Å and 46.7 Å for STIM1-CIS-DelIH, respectively ( Figure 4D and Figure S3B ). The maximum diameter (Dmax) of both proteins was nearly 160 Å ( Figure 4C and D, insets). Using low-resolution models restored from the SAXS curves ( Figure 4C and D) together with our X-ray crystal structures (CC1-IH and SOAR), we were able to characterize the completely different structural conformations of the two constructs. In the superimposed model of STIM1-CIS ( Figure  4E and F) , the V-shaped SOAR dimer fits well into the bead envelope calculated from the SAXS data. An extra shadow was present in the bead envelope shown in Figure 4F , suggesting a region that could be occupied by CC1. The overall structural model of STIM1-CIS indicates that STIM1-Ccyto assumes a collapsed conformation in the resting state. In sharp contrast, in the superimposed model of STIM1-CIS-DelIH ( Figure 4G and H), the structures of SOAR and CC1-IH successfully fit into the SAXS molecular envelope: the V-shaped SOAR dimer lies in the upper region, and the pair of bar-like CC1-IH structures is located on its lower side. The entire structural model of STIM1-CIS-DelIH adopts a rather stretched and elongated conformation when IH is removed. This structure may help explain the activated conformational state of STIM1-Ccyto after IH releases the SOAR dimer. Taken together, the structural data from SAXS verified our hypothesis that STIM1-Ccyto assumes completely different conformational states before and after activation, and this conformational change is most likely induced by the release of the inhibitory helix from SOAR.
Discussion
In cells, SOCE is an essential signaling pathway that elicits intracellular Ca 2+ signals and maintains a normal Ca 2+ level in the ER [1, 2] . The induction of Ca 2+ influx through the CRAC channel, which replenishes the depleted Ca 2+ stores in the ER lumen, is achieved by the direct binding of STIM1 oligomers to Orai1 [4, 5] . Our previous research has long been focused on understanding the activation mechanism of the C-terminus of STIM1, especially its coiled-coil regions. In our proposed activation model for STIM1 [16] , we demonstrated that SOAR dimerization is necessary for the binding of STIM1 with Orai1, and we also determined that the inhibitory helix located close to SOAR tightly interacts with the SOAR dimer to prevent its exposure. The shielding of the SOAR dimer maintains STIM1-Ccyto in the inactive resting state, consistent with other reports that STIM1 is autoinhibited in the resting state [18, 19] . However, direct biochemical evidence supporting the restingto-active switch model is lacking.
Our current study revealed that CC1-IH exists as a long helix and that the oligomerization of CC1-IH depends on the IH domain. Because the SOAR domain was absent from our CC1-IH structure, the observed IH assembly may not be an accurate reflection of how IH is positioned within the entire STIM1 molecule. Docking studies [22] revealed that IH-only can form a parallel coiled-coil dimer ( Figure S4 ). Multiple mutations (E322A-Q323L-E326L-K330L-E332L-K333A) within IH are required to disrupt its amphipathic nature; thus, mutant STIM1 is inactive based on confocal microscopy and intracellular calcium imaging [23] . Furthermore, the structure of STIM1 in solution revealed that its C-terminus assumes a collapsed/ extended conformational state with/without IH. Taken together, these data suggest that the IH region plays an important role in controlling the conformational change of the STIM1 C-terminus. Therefore, for the first time, we have provided direct biochemical evidence to demonstrate that IH functions as a switch to inhibit and activate the C-terminus of STIM1 by capturing and releasing the SOAR domain. Our results improve our understanding of the molecular mechanism of SOCE, which is an important cellular process.
Materials and Methods
Cloning and expression
The coding sequence of CC1-IH (amino acids 237-340) from human STIM1 was cloned into a modified pET-32a (+) vector (Novagen) in which the Trx-tag, the S-tag and the thrombin recognition site has been replaced with PreScission proteasecleavable segments. Escherichia coli BL21(DE3) Codon-Plus cells harboring the recombinant expression plasmid were incubated at 310 K in LB medium containing 50 µg/ml ampicillin Structure of CC1-IH Region of STIM1 PLOS ONE | www.plosone.org and were induced at an OD 600 of 0.6 with isopropyl-β-Dthiogalactopyranoside (IPTG) at a final concentration of 0.2 mM at 298 K for 4-5 hours. The cells were isolated by centrifugation at 5,000 rpm for 15 minutes. For the expression of Se-Met derivative proteins, two mutations (M244L and L321M) were introduced to improve the quality of the Se-Met crystals. The M244L mutant yielded the best crystal growth for the Sesubstituted proteins, and the L321M mutant was used to enhance the anomalous signals for structure determination. All point mutations were created using a standard PCR-based mutagenesis method and were confirmed by DNA sequencing. The recombinant plasmid was transformed into a methionine auxotrophic E. coli strain (B834). The cells were cultured and harvested following the same protocol as that used for the wildtype protein with the exception that minimal medium was used to express the recombinant protein.
The cloning and expression of the two constructs used in the SAXS analysis, STIM1-CIS (residues 254-504) and STIM1-CIS-DelIH (residues 254-310 plus residues 341-504), were performed following the protocol described above for CC1-IH. Additionally, the STIM1-CIS-DelIH construct (residues 254-310 plus residues 341-504) was created using a standard PCRbased mutagenesis method to join the two fragments together, and the sequence was confirmed by DNA sequencing.
Regarding the MBP-IH construct, the coding sequence of CC1-IH was first cloned into a modified pET-MBP vector (Novagen) in which the Trx-tag, the S-tag and the thrombin recognition site had been replaced by the MBP-tag plus PreScission protease-cleavable segments. The construct was then obtained using standard PCR-based loop-out mutagenesis with the MBP-CC1-IH recombinant plasmid as a template to remove the entire CC1 gene fragment. The construct was confirmed by DNA sequencing. Subsequent expression work was performed following the same protocol as that described above for CC1-IH.
Protein purification
The cell pellets were resuspended in 20 mM Tris-HCl (pH 8.0), 200 mM NaCl and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). The supernatant was loaded onto a Ni-NTA column pre-treated with equilibrium buffer (20 mM Tris-HCl [pH 8.0], 200 mM NaCl, 0.1 mM PMSF) and eluted with 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 200 mM imidazole (pH 8.0) and 0.1 mM PMSF. The 6x His-tagged fusion protein was digested overnight with PreScission protease at a molar ratio of 400:1 (fusion protein:protease) to remove the 6x His tag. The mixture was then diluted with 20 mM Tris-HCl (pH 8.0) to a final NaCl concentration of less than 50 mM and loaded onto a QSepharose anion-exchange column (GE Healthcare). The target protein was eluted with an NaCl gradient (50-250 mM). The eluted fractions were pooled and concentrated. Further purification was performed by gel filtration using a HighLoad 26/60 Superdex-200 size-exclusion column (GE Healthcare) in 20 mM Tris-HCl (pH 8.0), 200 mM NaCl and 1 mM EDTA. The protein purity was determined by SDS-PAGE, and the purified protein was concentrated to 30 mg/ml using a Centricon (Millipore) for crystallization. The Se-Met derivative of CC1-IHmut and the other constructs (CC1-IH-mut, CC1, STIM1-CIS and STIM1-CIS-DelIH) were purified following the same protocol as that used for the wild-type protein.
The MBP-IH fusion protein was purified following the same protocol as that used for CC1-IH except that the supernatant was first loaded onto an MBPTrap column (GE Healthcare) instead of a Ni-NTA column. In addition, the MBP tag was not cut off and was instead maintained throughout the entire purification process. The IH-only protein was obtained by overnight PreScission protease digestion of the MBP-IH fusion protein at a molar ratio of 400:1 and was finally purified using a Superdex 200 size-exclusion column (GE Healthcare).
Crystallization and data collection
Crystals were grown using the hanging-drop vapor-diffusion technique. All the data were collected on station BL17U1 of the Shanghai Synchrotron Radiation Facility (SSRF) and processed using HKL2000 software [24] . Single-wavelength anomalous data were collected for Se-Met-substituted crystals at the peak wavelength for Se.
Structure determination and refinement
The CC1-IH crystal structure was determined by singlewavelength anomalous dispersion. The program HKL2MAP [25] was used to search for three Se sites, and the initial phases were then calculated using PHENIX software [26] . The model was built manually using the program COOT [27] . After the initial main-chain model was built, the wild-type data were applied to perform an iterative refinement to assign all side chains using COOT. After several refinement cycles, the orientations of the amino acid side chains, bound water molecules and metal atoms were modeled on the basis of 2F obs -F calc and F obs -F calc difference Fourier maps. The final structure had an R crystal value of 22.96% and an R free value of 28.74%. Detailed data collection and refinement statistics are summarized in Table 1 .
Analytical ultracentrifugation
The sedimentation velocity (SV) was determined using a Beckman/Coulter XL-I analytical ultracentrifuge. The experiments were conducted at 42,000 rpm and 4°C using interference detection and double-sector cells loaded at approximately 6 mg/ml for CC1-IH (residues 237-340), 1.57 mg/ml for CC1 (residues 237-310) and 1.2 mg/ml for the MBP-IH fusion protein. The protein sample buffer contained 20 mM Tris-HCl (pH 8.0), 200 mM NaCl and 1 mM EDTA. The data were analyzed using a self-associating multimerization model with the manufacturer's software [28] . 
Multi-angle laser scattering
Multi-angle light scattering (MALS) were performed in-line with size-exclusion chromatography using a eighteen-angle DAWN HELLOS II instrument equipped with an Optilab rEX 
SAXS experiments and data analysis
The small-angle X-ray scattering (SAXS) experiments were performed on beamline X33 of the European Molecular Biology Laboratory (EMBL) (Hamburg outstation) at the DORIS III storage ring of the Deutsches Elektronen Synchrotron (DESY) [29] . The STIM1-CIS and STIM1-CIS-DelIH samples were stored in a buffer containing 20 mM Tris (pH 8.0), 200 mM NaCl, 1 mM DTT and 1 mM EDTA. The scattering curves of the two samples (each over a concentration series of 2.5, 5.0 and 10 mg/ml) were recorded over the range of the momentum transfer 0.07 < s < 5.5 nm_1, where s = (4πsinθ)/λ, 2θ is the scattering angle and the wavelength of the X-rays (λ) = 0.15 nm. The measurements were performed in a vacuum cuvette with different exposure times (ranging from 30 sec to 2 min) to reduce parasitic scattering. The experimental scattering profiles of the samples were then corrected for background scattering by the solvent and processed using the program PRIMUS [30] to further extrapolate to zero concentration. The distance distribution function p(r) was calculated using the program GNOM [31] , which determines the maximum size of the protein in solution. Its output file was then used for ab initio shape reconstruction using the program DAMMIN [32] . The chisquare value for the discrepancy relative to the raw data was 2.466 for STIM1-CIS and 2.665 for STIM1-CIS-DelIH. The constructed low-resolution bead envelope was then overlaid with the known CC1-IH and SOAR structures using the program PYMOL (DeLano Scientific, San Carlos, CA, USA) to construct a final superimposed model. emission at 508 nm were monitored using a Synergy4 spectrometer (BioTek). Data representing the relative intracellular Ca 2+ concentrations are reported as 340/380 ratios.
Accession number
The atomic coordinates and structure factors for the structure of CC1-IH have been deposited in the Protein Data Bank with accession code 4IOZ. 
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